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We have observed the formation process of nanocatalysts that act for the growth of Si nanowires by
means of UHV scanning tunneling microscopy. Gold–silicon nanocatalysts that we have examined
were thought to form on a hydrogen ~H!-terminated @111# silicon surface and to expel Si nanowires
of extremely high aspect ratio via the vapor-liquid-solid mechanism. We have observed that a
nanocatalyst, that is, a droplet of melted gold–silicon alloy of about 5 nm in diameter, is actually
formed in a pit on a H-terminated surface in the narrow temperature range around 500 °C. We have
concluded that, in this specific temperature range, nanocatalysts can be melted, remain mutually
isolated, absorb silicon effectively, and expel Si nanowires. Based on the result, we have proposed
a method of making a thin template, which facilitates to decide the nucleation sites and the sizes of
nanocatalysts, resulting in the precise control of those of Si nanowires. © 2003 American Institute
of Physics. @DOI: 10.1063/1.1541934#Various kinds of nanowires and nanotubes can be grown
spontaneously via nanocatalysts. They usually nucleate at
nanocatalysts, and then grow in a certain direction. There-
fore, preparing a nanocatalyst of a desired size at the desired
site on a substrate, one can decide on the nucleation site and
the radius of a one-dimensional ~1D! structure artificially. As
is well known, many applications are possible of an array of
1D nanostructures whose arrangement is well controlled.
Particularly in silicon, they can be utilized for sensors, mi-
croelectronicmechanical systems, etc., as well as electronic
devices. Therefore, the understanding of the formation
mechanism of nanocatalysts is important for the advance-
ment of nanotechnology.
Among the methods of creating 1D nanostructures, the
vapor-liquid-solid ~VLS! growth mechanism has been long
studied, since various materials can be grown via this mecha-
nism such as semiconductors,1–7 insulators,8,9 and supercon-
ductors.10 In general, a metal catalyst is first formed, then
melts at elevated temperatures and absorbs source atoms,
which are usually supplied by an appropriate gas, and finally
expels supersaturated source atoms, resulting in a crystalline
wire. In a pioneer’s work at early 1960s,11 catalysts form
spontaneously on a substrate through the surface diffusion of
metal atoms. Since then, a few research groups tried nucle-
ating catalysts on mesas or in pits fabricated artificially on a
substrate.3–5 For instance, the nucleation sites and the sizes
of silicon whiskers ~which are usually thick wires of about
micrometer in diameter! can be controllable within the accu-
racy of micrometers.5 Nevertheless, these experimental tech-
niques cannot simply be transferred to the growth of nanow-
ires, since it is virtually impossible to fabricate mesas or pits
in nanometer dimension by the conventional methods.
We utilized a hydrogen ~H!-terminated Si $111% surface
for a substrate in order to grow Si nanowires.1 Gold was first
deposited on the substrate and, following a certain proce-
dure, we could actually grow Si nanowires of extremely high
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UHV environment, and progresses at lower temperature than
those in previous studies;4 that is, about 500 °C. We prelimi-
nary examined the formation process of nanocatalysts on the
substrate by means of plan-view transmission electron mi-
croscopy ~TEM! and diffraction.1 At 500 °C, the substrate
surface exhibited halo diffraction in addition to Debye–
Scherrer rings due to fcc gold. This indicates that a melted
Au–Si alloy, which presumably act as catalysts, forms on the
surface partially. On a completely H-terminated Si surface,
however, metallic atoms, especially gold atoms, seem to mi-
grate freely and to form their solid agglomerates.12,13 The
solid agglomerates may not become active catalysts at
500 °C, since the temperature is far below the melting tem-
perature of gold. Thus, an essential question has remained
unclear concerning the formation mechanism of nanocata-
lysts on a H-terminated Si surface. In this letter, observing
the behaviors of gold on the surface by means of scanning
tunneling microscopy ~STM!, we have elucidated the forma-
tion mechanism of nanocatalysts on the surface.
We follow the procedure for forming nanocatalysts on a
H-terminated Si $111% surface.1 First, the surface of a Si
$111% wafer was terminated by hydrogen atoms in a NH4F
solution. The surface is stable even in the atmosphere.14,15
We transferred the substrate to a UHV-STM ~Jeol JSTM-
4500T! immediately. After confirming that the surface was
terminated by hydrogen atoms by means of STM, the sub-
strate was transferred to a pretreatment chamber of the UHV-
STM in which gold, evaporated from a heated tungsten fila-
ment, was deposited on the surface at room temperature. One
monolayer ~ML! is defined here as coverage at which one Au
atom corresponds to one Si atom of the unreconstructed Si
$111% surface (1 ML57.831014 atoms/cm2). We then trans-
ferred the substrate back to the main chamber of the UHV-
STM. We raised the temperature of the sample step by step
via resistive heating. We measured temperatures using a py-
rometer with an accuracy roughly estimated to be 65 °C in
the temperature range. All STM images were obtained under© 2003 American Institute of Physics
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mode in which the positive bias ranged from 1.5 to 3.0 V and
the current ranged from 0.05 to 1.0 nm.
We now present STM images that reveal the formation
of nanocatalysts on a H-terminated surface. Before deposit-
ing gold, lattice images at 0.38-nm intervals appear on the
terraces @Fig. 1~a!#, which ensures that terraces are fully ter-
minated by hydrogen atoms. We also find pits of various
sizes on the terraces. As is known,16 they are formed fre-
quently on a H-terminated surface whenever a NH4F solu-
tion includes dissolved oxygen. After depositing gold at
room temperature, we find that Au clusters are randomly
distributed on the surface, as observed before.12 When the
coverage is estimated to be 3 ML, the size and the mutual
distance of the clusters are about 4 and 5 nm, respectively
@Fig. 1~b!#. As a reference, we deposit gold of 3 ML also on
a bare Si surface, that is a 737 Si $111% surface,17 under
similar conditions @Fig. 1~c!, 1~d!#. Au clusters arrange
somewhat periodically, and their sizes are smaller than those
on a H-terminated surface, as is shown in Fig. 1~d!. Decreas-
ing the coverage down to 0.3 ML, we reveal that Au clusters
locate at the center of subunit cells of the surface,18 as seen
in the lower-right image of Fig. 1~d!. Hence, at room tem-
perature, the diffusion of Au atoms is interrupted by the spe-
cific trapping sites on a 737 surface, while, on a
H-terminated surface, they migrate relatively freely.
The morphology of gold deposited at room temperature
changes on both kinds of surfaces at elevated temperatures,
particularly near and above the eutectic temperature of the
Au–Si binary system ~i.e., 363 °C!. We first show STM im-
ages of the gold-deposited 737 surface. The surface of 3 ML
coverage becomes extremely flat @Figs. 2~d!–2~f!#. In fact,
the height of the steps is estimated to be 0.3 nm. Clearly, the
surface is wetting, or most probably covered with melt of
gold and silicon. On the surface with much less coverage
~i.e., 0.3 ML!, gold atoms are released from the trapping sites
on a 737 surface @Fig. 1~d!# and form larger islands of 532
Au/Si $111% reconstructed structure on a 737 surface, as seen
FIG. 2. Gold deposited surfaces observed at elevated temperatures. Tem-
peratures are 350 °C in ~a! and ~d!, 400 °C in ~b! and ~e!, and 500 °C in ~c!
and ~f!, respectively. ~a!–~c! Gold-deposited H-terminated surface. ~d!–~f!
Gold-deposited Si~111!-737 surface in which the coverage is 3 or 0.3 ML in
the left or right part, respectively.
FIG. 1. Before ~a! and after ~b! the deposition of Au on Si~111!:H-131
surface. Before ~c! and after ~d! the deposition of Au on Si~111!-737 sur-
face. Magnified images are inserted in the upper right of ~a! to ~d!.Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject toin the right column of Figs. 2~d!–2~f!. Islands grow with the
increase of temperature and, at 500 °C, rows of islands19,20
come out along step edges. Neither small islands nor protru-
sions are observed on a Au-deposited 737 surface at the
temperature range. It is known21 that pairs of islands and
holes of nanometer sizes appear when gold is deposited on a
bare 737 Si $111% surface at the temperatures lower than the
eutectic temperature ~i.e., between 200 to 320 °C!. However,
no evidence has been shown that such a pair is stable above
the eutectic temperature. Therefore, as was mentioned ear-
lier, artificial mesas and pits of certain sizes are needed for
preparing well-isolated catalysts on a clean Si surface in the
temperature range between 400 and 500 °C.3–5 On a
H-terminated surface, on the other hand, we find two kinds
of peculiar morphology as well as coarsened clusters on flat
terraces. As is revealed in Figs. 2~a!–2~c!, they are small
islands several tens of nanometers in diameter and round-
shaped protrusions ~or much smaller islands! whose radii are
about 5 nm. They are somewhat heterogeneously distributed.
We find that a protrusion locates in a pit on a terrace, as
depicted in Fig. 3. The depth of this pit is estimated to be in
the order of 0.1 nm @Fig. 3~a!#, possibly corresponding to the
height of a monoatomic step, even though the measurement
of the depth of a shallow and small pit close to a rather high
protrusion is usually inaccurate. A H-terminated 131 surface
still remains around the protrusion, since Fourier transform
of the image in Fig. 3~a! exhibits the six corresponding spots
marked by arrows @Fig. 3~b!#. These protrusions never
changed their shapes and positions once they appeared. As is
well known, STM generally lacks reliable accuracy in ana-
lyzing chemical compositions as well as in distinguishing
between solid and liquid protrusions. Nevertheless, our STM
shows a number of protrusions whose sizes and shapes are
just commensurate with the nanocatalysts that are needed to
grow the Si nanowires. Hence, we attribute the protrusions to
nanocatalysts that are droplets of melted Au–Si alloy. This is
further supported as described subsequently.
Upon increasing temperature, hydrogen atoms may be
desorbed gradually from a H-terminated surface. A bare Si
surface is therefore exposed partially, and merges deposited
gold, as on a gold-deposited 737 surface @Figs. 2~d!–2~f!#. It
is known that monohydrides, which constitute a
H-terminated 131 surface, start decomposing at about
450 °C, and completely decompose at above 630 °C.22,23 In
FIG. 3. ~a! Magnified view of the squared area in Fig. 2~b! is shown in the
left part of ~a!. In the right part of ~a!, the height profile is depicted along the
line in the image. Fourier transformation of the image in ~a! is shown in ~b!.
FIG. 4. Formation model of Au–Si nanocatalysts on a H-terminated surface.
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appears above 600 °C, even on a H-terminated surface.19,20
As is well known,22 other kinds of hydrides are detected in a
H-terminated 131 surface that includes imperfections such
as pits. The edges of pits are most probably terminated by
dihydrides and/or trihydrides at room temperature. Dihy-
drides and trihydrides start decomposing at lower tempera-
tures than monohydrides ~about 300 °C!, and completely de-
compose at about 500 °C.22 We therefore think that the
protrusions or the small islands nucleate in pits that are ini-
tially formed on a H-terminated surface @Fig. 1~a!#. The for-
mation model of nanocatalysts is schematically shown in
Fig. 4. In a temperature range from about 400 to 500 °C, the
terraces are mostly terminated by monohydrides, so that Au
atoms are able to migrate freely on them @Fig. 4~a!# and form
a solid Au particle @Figs. 4~b! and 4~c!#. At this temperature,
hydrogen atoms are desorbed only at the edges of pits, leav-
ing a bare silicon surface behind @Fig. 4~b!#. Reaching the
hydrogen-desorbed edges, Au atoms merge with silicon there
and may form a melted Au–Si droplet @Fig. 4~c!#, since the
temperature is above the eutectic temperature and the solu-
bility limit of gold in a Si crystal is extremely low. Both the
size of a pit and the quantity of deposited gold may deter-
mine the size of a protrusion or a small island. It is most
likely that a protrusion of several nanometers in radius acts
as a nanocatalyst for the growth of a Si nanowire. In other
words, a H-terminated 131 surface with pits of several na-
nometers in size acts as the thinnest template for the forma-
tion of Au–Si nanocatalysts. Figure 5 shows post-growth ob-
servation of Si nanowires at room temperature by means of
scanning electron microscopy ~SEM!. In addition to the
nanocatalysts at the top of nanowires, a number of particles
are left on the substrate. They most probably remained solid
at the elevated temperatures, as described in Fig. 4. This
observation supports the proposed mechanism further.
As mentioned earlier, Si nanowires are grown via the
VLS mechanism. Silicon is supplied to nanocatalysts by the
thermal decomposition of a gas phase. SiH4 gas, which is
usually used for the VLS growth of Si whiskers and nanow-
ires as in our previous study,1 starts decomposing at nearly
370 °C and the rate of decomposition becomes extremely
large above about 500 °C. The activation energy for the de-
composition of SiH4 is reported to be 2.24 eV.24 At about
500 °C, monohydrides on terraces of a H-terminated surface
are mostly stable as mentioned earlier. In fact, the activation
energy of the desorption of monohydrides is higher ~2.54
eV22,23! than that of SiH4 . Hence, nanocatalysts, formed at
the edges of pits, can be melted, remain mutually isolated,
absorb silicon effectively and expel Si nanowires in the nar-
row temperature range around 500 °C.
Having described the formation mechanism, one can
now propose a template for the formation of nanocatalysts of
desired sizes at desired sites. Desorbing H atoms artificially
FIG. 5. Si nanowires grown on a H-terminated surface.Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject tofrom a perfectly H-terminated 131 surface,16 we can prob-
ably make an array of bare silicon surfaces well isolated by a
H-terminated surface. According to the similar mechanism
that we have found, Au–Si nanocatalysts can be formed only
on the bare surfaces at 500 °C, immediately followed by the
growth of Si nanowires at the same temperature utilizing the
thermal decomposition of SiH4 . In order to remove hydro-
gen atoms, we have tested25 the possibilities of electron-
beam irradiation. A UHV-SEM attached to the UHV-STM
was used for electron irradiation. Electron energy was set at
10 keV, which is sufficient for removing hydrogen atoms
from the surface.22,23 After electron irradiation, gold was uni-
formly deposited on the surface at room temperature, and
then the temperature was raised up to 400 °C. We observed
no protrusions, but flat and wide terraces on the electron
irradiated area, which feature is similar to Au-deposited bare
Si surface, as is shown in Figs. 2~d! and 2~e!.
In conclusion, we have elucidated the formation mecha-
nism of nanocatalysts on a Au-deposited H-terminated 131
Si~111! surface. Based on the results, we have proposed a
method of controlling the positions and the sizes of nano-
catalysts, resulting in the precise control of the nucleation
sites and the sizes of silicon nanowires.
We are indebted to Dr. H. Jaksch of Carl Zeiss Co. for
his invaluable help with SEM.
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